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Edited by Gunnar von Heijne and Anders LiljasAbstract The ability to maintain intact ribosomes in the mass
spectrometer has enabled research into their changes in confor-
mation and interactions. In the mass spectrometer, it is possible
to induce dissociation of proteins from the intact ribosome and,
in conjunction with atomic structures, to understand the factors
governing their release. We have applied this knowledge to inter-
pret the structural basis for release of proteins from ribosomes
for which no high resolution structures are available, such as
complexes with elongation factor G and ribosomes from yeast.
We also describe how improvements in technology and under-
standing have widened the scope of our research and lead to dra-
matic improvements in quality and information available from
spectra of intact ribosomes.
 2004 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Ribosomes are the universal translators of the genetic code
and in bacteria are composed of two subunits, the 30S and
50S, that together constitute the 70S particle. The 54 diﬀerent
proteins and three large RNA molecules have represented for-
midable challenges for structural biologists but recent high res-
olution images [1] have paved the way for application of other
approaches, including mass spectrometry (MS). As MS is rou-
tinely applied to peptides and individual proteins, one might
wonder what contribution it could make to our understanding
of their structure and function. The sheer size (2.3 MDa and an
estimated 4.5 MDa for prokaryotic and eukaryotic ribosomes,
respectively) make these particles daunting targets. To meet
this challenge, we have developed two diﬀerent MS ap-
proaches: ﬁrst to monitor dissociation of individual proteins
from the intact particle, second to maintain interactions within
the intact particle, its subunits and associated complexes and
then to subject these species to tandem MS (see below). The
two approaches arise from developments that we have made
to our MS instrumentation and from our increased under-*Corresponding author.
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doi:10.1016/j.febslet.2004.12.003standing of the properties of gas phase macromolecular com-
plexes.
In the ﬁrst approach, dissociation of the complex occurs
after the electrospray process. On projection into the vacuum
of the MS, ions gain in translational energy which is converted
to internal energy by collisions with residual gas molecules.
This induces dissociation of individual proteins, which can
be identiﬁed by comparison of their unique masses with theo-
retical masses calculated from sequence information from dat-
abases. The second approach, in which interactions between
the proteins and rRNA are maintained, requires introduction
of inert gas at various stages during the ﬂight path of the ions
to dampen excess translational energy by inducing multiple
low energy collisions.2. Mass spectrometry
A mass spectrometer measures the mass-to-charge ratio
(m/z) of ions in the gas phase. During the electrospray process,
formation of ions takes place in solution and for most applica-
tions acidiﬁed organic solvents yield the highest sensitivity and
quality in mass spectra. Electrospray ionization produces mul-
tiply charged bio-macromolecules, giving rise to a series of
peaks that each result from a diﬀerent charge state. The ions
so formed travel through diﬀerential pumping and focusing
stages before analysis in either a quadrupole or time-of-ﬂight
(TOF) mass analyzer. A quadrupole mass analyzer consists
of four parallel rods and transmits ions through simulta-
neously applied d.c. and radio frequency ﬁelds. For TOF anal-
ysis, ions are separated by virtue of their diﬀerent ﬂight times
over a known distance after pulsing and acceleration into an
orthogonal ﬂight tube. Historically, the quadrupole preceded
the TOF analyzer for coupling with electrospray ionization.
Recently, quadrupoles have been used in conjunction with
TOF analysis in Q-TOF mass spectrometers enabling tandem
MS experiments. For such experiments, ions at a discrete m/z
range are isolated by setting a speciﬁc frequency on the quad-
rupole, the selected ions are activated by collisions in the gas
cell to induce dissociation and then the products analyzed in
the TOF.3. Mass spectrometry of ribosomes – challenges to overcome
Obtaining mass spectra from solutions of intact ribosomes is
more challenging than for individual denatured proteins for
several reasons. Complexes containing only protein subunitsblished by Elsevier B.V. All rights reserved.
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and RNA, since the latter binds numerous positively charged
ions. This phenomenon coupled with many post translational
modiﬁcations and the possibility that not all proteins are pres-
ent make ribosomes considerably more heterogeneous than say
a virus capsid of similar magnitude to intact ribosome but con-
taining 180 identical protein subunits [2]. To maintain interac-
tions between proteins and RNA, it is necessary to employ an
aqueous buﬀer at neutral pH. In addition, magnesium ions are
required to retain association of the subunits but interfere with
the electrospray process. Exchange into highly concentrated
ammonium acetate buﬀer immediately prior to recording a
spectrum removes all but tightly associated ions. The viscosity
of ribosome-containing solutions is also deleterious to electro-
spray; the increased surface tension makes forming suﬃciently
small droplets to yield individual ribosomes problematic (see
schematic in Fig. 1). To produce a stable electrospray from
solutions containing ribosomes, it is necessary to dilute sam-
ples in the appropriate buﬀer to the point where individual
scans show very few ions. The spectrum is obtained by sum-
ming multiple acquisitions, often over time periods approach-
ing one hour.4. Mass spectrometry as a probe of protein – RNA interactions
Our ﬁrst report of Escherichia coli ribosomes in 1998 [3] de-
scribed spectra recorded for proteins that had dissociated from
the 70S particle and the 50S (large) and 30S (small) subunits
[4]. Peaks were assigned to individual ribosomal proteins and
to a non-covalent complex of ﬁve proteins that corresponded
to the protuberance known as the stalk. At this time atomic
structures of ribosomes were not available, so it was not pos-
sible to examine why only a small subset of the 54 proteins dis-
sociated from the ribosome. We noted, however, that the
proteins that most readily dissociated tended to be amongst
the most acidic of the ribosomal proteins.Fig. 1. Nano-electrospray of solutions of ribosomes. Schematic representati
charged ions of ribosomes within each droplet. Desolvation of the electros
ribosome ions are achieved and transmitted through successive vacuum sta
would be 1–2 ll of sample at 1–2 lmol concentration in an ammonium acetThe atomic resolution structures of ribosomal subunits al-
lowed a thorough investigation into the factors that govern
the loss of proteins from E. coli ribosomes [4]. Assuming the
universally accepted extensive structural conservation between
E. coli ribosomes and high resolution structures of 30S [5,6]
and 50S [7] subunits from Thermus thermophilus and Haloar-
cula marismortui ribosomes, respectively, we examined the ex-
tent of protein RNA interactions for all large subunit proteins.
A plot of surface area of interaction of each protein against the
extent of dissociation calculated from spectra recorded under a
variety of diﬀerent conditions allowed us to establish a strong
negative correlation: the greater the surface area of interaction
between the protein and RNA the less likely the protein is to
be released in the mass spectrometer (see Fig. 2). We used this
established correlation to examine dissociation of proteins
from ribosome – EF-G complexes, trapped in two diﬀerent
conformational states.
It is known from cryo-EM studies that thiostrepton and fu-
sidic acid trap complexes in either pre- or post-translocational
states, respectively [8]. Close examination of the proteins that
dissociate, recorded in the spectra of the two complexes, re-
veals that they are markedly diﬀerent. In the presence of fusi-
dic acid, the spectrum is similar to that observed for ribosomes
in the absence of EF-G, indicating that the extent of protein-
RNA contacts is not aﬀected by binding of EF-G. By contrast,
the complex inhibited by thiostrepton is noticeable for the ab-
sence of peaks corresponding to L7/L12, which normally dom-
inate the spectra, and the presence of additional peaks
corresponding to proteins L1, L5, L6, and L18. L1 is at the
periphery of the ribosome. Loss of L6 can be interpreted as
being due to a conformational change in 23S rRNA caused
by EF-G binding as it is close to the EF-G binding site. The
proteins L5 and L18 have the largest surface area of interac-
tion with 5S rRNA. Their dissociation is therefore consistent
with a conformational change in 5S rRNA, leading to a reduc-
tion in surface area with L5 and L18. The absence of peaks as-
signed to L7/L12 on the other hand implies that their highlyon of the nanoﬂow electrospray process showing individual positively
prayed droplets is aided by a counter current ﬂow of gas until naked
ges of the mass spectrometer. Typical solution conditions for analysis
ate buﬀer concentration of 1 mM.
Fig. 2. The lower m/z region of mass spectra of E. coli ribosomes, showing proteins released from the intact ribosome. Mass spectra recorded for the
dissociation of proteins from intact ribosomes from various solution conditions: at pH 7.0 (A), pH 4.5 (B) after LiCl treatment (C) and from an EF-G
complex inhibited by thiostrepton (D). The proteins released under the various conditions are colored in the structure of the 50S subunit as follows:
green for pH 7.0, red for those additionally released at pH 4.5, dark blue for LiCl, and light blue for the EF-G complex inhibited by thiostrepton and
white for proteins not dissociated under these conditions. The rRNA is shown in gold. The structure was produced using the program RASMOL
with coordinates from T. thermophilus at 5.5-A˚ resolution, Protein Data Bank code 1GIY.
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observation allowed us to conclude that it is interaction with
the stalk that has disrupted the L5 5S rRNA interaction. In
short, in the pre-translocational complex arrested by thiostrep-
ton, the 5S rRNA-protein contacts are destabilized through
long range interactions with the extended mobile stalk [4].5. Another kingdom
The eukaryotic ribosome is an even more ambitious target
for MS not only because of its sheer size, but also because
knowledge of the structure of these ribosomes is sparse in com-
parison with their prokaryotic counterparts. Because of evolu-
tionary conservation, it is anticipated that there is substantial
structural homology. However, large insertions are present in
the rRNA and there are 20–30 additional proteins compared
with prokaryotic ribosomes. No high resolution structures
are available, although cryo EM reconstructions with resolu-
tion of up to 15 A˚ have enabled placement of proteins and
rRNA within these structures [9].
To date, we have focused on studying the dissociation of
proteins from the intact particle. Given the established rela-
tionship between the extent of protein RNA interactions and
propensity to dissociate; the most intense peaks in the spec-
tra recorded for ribosomes from Saccharomyces cerevisiae
are from the stalk pentamer, Fig. 3 [10]. Peaks are assigned
to the intact pentameric stalk complex, loss of proteins from
the stalk complex and to individual proteins L12 and L1 at
lower m/z. For yeast ribosomes, the stalk pentamer is
thought to be composed of two heterodimers (P1a P2band P1b P2a), attached to the ribosome via P0. At the time
of our investigation, this stoichiometry had not been con-
ﬁrmed as the yeast pentamer is less stable than its prokary-
otic counterpart and consequently had not been isolated. To
probe the composition of the stalk, we used tandem MS
whereby a deﬁned m/z range is isolated in the quadrupole
of the spectrometer and the precursor ions subjected to in-
creased acceleration and collisions. This process results in
dissociation of individual proteins enabling us to probe the
stoichiometry of the complex. Our results demonstrated the
composition of the stalk as P0 interacting with P1a, P2b,
P1b and P2a. It has been proposed that the P1 proteins
interact strongly with P0 and that the P2 proteins are asso-
ciated with the stalk primarily through interactions with the
P1 proteins (see model, Fig. 3). We noted that the intensity
of both peaks from the individual proteins at lower m/z was
consistent with more extensive loss of the P2 proteins than of
the P1 proteins, in accord with their predicted position on
the periphery of the complex.6. Maintaining intact ions from 30S, 50S and 70S particles
The ﬁrst spectra containing ions assigned to intact 30S, 50S
subunits and 70S ribosomes from E. coli were reported in 2000
[11]. Using collisional cooling and TOF analysis, we demon-
strated that it is possible to maintain the non-covalent interac-
tions in E. coli ribosomes in the gas phase. Suﬃcient resolution
of the 30S charge states enabled us to estimate the molecular
mass, which was within 0.6% of that calculated from the
masses of the 21 small subunit proteins and the 16S rRNA,
Fig. 3. Mass spectrum of intact ribosomes from S. cerevisiae. (A) A series of peaks were observed, which were assigned to the stalk proteins P1a/b,
P2/b, P0, large ribosomal proteins L1 and L12, and a stalk pentamer (P1/P2)4 P0. The peaks corresponding to the stalk pentamer are magniﬁed by a
factor of 2.5. (B) Tandem mass spectrum of the 19+ charge state assigned to the pentamer reveals charge stripping as well as complexes from which a
single protein has been removed. The region of the m/z scale shaded gray represents the isolation of the single charge state for tandem mass
spectrometry. (C) Low m/z region of the tandem mass spectrum showing the preferential release of the P2 proteins from the stalk complex consistent
with their location on the periphery of the pentamer. The schematic representation of a model of the stalk pentamer showing the relative locations of
the P1/P2 proteins and their interactions with P0 (adapted from [14]). \ denotes other members of the L12 charge state series that have not been
labeled due to lack of space.
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source, Thermus thermophilus, and a mass spectrometer modi-
ﬁed for high m/z ranges [12], we recorded the spectrum of 30S
subunits shown in Fig. 4A(ii). This was a signiﬁcant improve-
ment, since change states are now resolved at approximately
50% intensity. Further improvements were made in 2004 when
an acceleration strategy was employed to remove the most
weakly associated proteins (Fig. 4A, iii). This further improved
our resolution to baseline separation between charge states en-
abling us to assign precisely charges and consequently a mass
to this 30S subunit. In addition to improvements made in our
MS protocols it is also likely that, consistent with ﬁndings of
crystallographers, ribosomes from T. thermophilus are more
robust than those of E. coli.
The fact that we now have baseline resolution of charge
states in spectra of the 30S subunit allows us to make compar-
isons with spectra simulated from charge states with the isoto-
pic composition calculated from the database of proteins from
T. thermophilus. This process allows us to conclude that spec-
tra recorded under accelerating conditions are consistent with
loss of S6 and S1, the latter due to the protocol used for puri-
fying ribosomes. Now that we can assign masses and simulate
the protein composition of these charge states, we have an
opportunity to investigate the protein composition under a
variety of diﬀerent solution and MS conditions. In the absence
of the acceleration strategy, S6 is present (Fig. 4B, ii). A solu-tion of ribosomes heated to 70 C using a thermally controlled
nanoﬂow device [13] yields essentially two charge state distri-
butions, assigned to populations with and without S6 (Fig.
4B, iii) conﬁrming that S6 is lost preferentially over all other
small subunit proteins, either as a result of our acceleration
strategy or thermal activation in solution.7. Future prospects
In this brief review, we have outlined achievements in the
study of ribosomes by MS. We have described practical diﬃ-
culties that had to be overcome and shown through the de-
sign of novel MS equipment that it is possible to probe the
protein composition of the 30S subunit. Our increased under-
standing of the factors governing the relationship between
interactions in solution and in the gas phase allows us to
make predictions in advance of high resolution structures.
One of the signiﬁcant beneﬁts of our approach is the fact that
the stalk complex, with its low surface area of interaction
with rRNA, is most readily accessed by MS. This complex
is arguably one of the most interesting aspects of ribosomes
and yet its function and structure remain largely unsolved,
due largely to its heterogeneity and conformational dynamics
confounding traditional structural biology approaches. We
anticipate therefore that our approach will enable us to



















Fig. 4. Mass spectra of the intact 30S subunit. Positive ion nanoﬂow
electrospray ionization mass spectrum of ribosomes recorded under
diﬀerent conditions, showing the region of the 30S subunits. (A) (i) An
early spectrum of 30S from E. coli [11]. (ii) A spectrum recorded for
30S region from intact T. thermophilus on modiﬁed Q-TOF instru-
mentation [12] and (iii) as in (ii) but after acceleration of all the ions
through the collision cell of the mass spectrometer at 200 V. (B) 30S
region of spectra of 70S samples from T. thermophilus (i) as in (iii) for
comparison, (ii) with acceleration to 100 V (iii) heated to 70 C in the
nanoﬂow capillary.
H. Videler et al. / FEBS Letters 579 (2005) 943–947 947unravel some of the intricacies surrounding the interactions
of the stalk complex and provide novel insight into ribosomes
from diﬀerent species.Acknowledgments: We thank all our collaborators, Venki Ramakrish-
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